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SECTION 1

INTRODUCTION AND SUMMARY

1.1 BACKGROUND

All rock masses contain large numbers of planar discontinu-
ities or joints. These joints often react to an applied stress
quite differently than the surrounding material and there is both
experimental (Ref. 1) and theoretical (Refs. 2, 3) evidence to
suggest that sliding motion across these joints should be one of
the important considerations involved in designing underground
structures which are to survive nuclear and/or conventional

explosions.

In the recent DIABLO HAWK underground nuclear test, SRI
International fielded several laboratory-scale structures in
jointed rock simulant (Ref. 4). Figure 1 shows the general model
designs. The jointed rock models are 18" and 30" in diameter,
with 3" and 5" diameter tunnels, respectively. The SRI small-
scale jointed structures experiment provides an opportunity for
examining the influence of highly idealized jointed arrays on

tunnel closure and damage characteristics.

There are both continuum and explicit approaches for pre-
dicting tunnel closure and damage in jointed media. In the
continuum approach, the overall mechanical properties of the
field are synthesized from the properties of the intact rock and
the properties and arrangement of the joints; for example, stiff-
nesses and strengths used in the continuum model are lower than
the intact rock propertiecs, In the explicit approach, the prop-
erties and arrangcment of individual blocks and joints are
individually and explicitly modeled and used to calculate tunncl
response to loading. Both of these treatments have important

limitations: The rationale for choosing a set of degraded

L
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propurties in the continuum approach is usually hard to justify,
and this approach precludes discontinuities in displacements
across joints, which may be a critical omission. The properties
of joints in the explicit approach are hard to measure, and the
arrangement of joints in a rcal field around a real tunnel can

only be estimated.

1.2 08JelTIVE AND APPROACH

The by ctive of this study is to examine the influence of
tiic joints on tunnel closure and damage using numerical technigues

which explicitly treat the idealilzed joints in the SRI structure.
The approach involves three related aspects:

L. Joint Activation.

An analytical closed form solution is derived for the
initiation or activation of relative motlon across a
Joint. The jolnt activation depends on (a) the rela-
tive orientation of the joint and the tunnel surface
intersected by the joint, (b) the magnitude and propa-
gation dircction of the stress wave cncompassing the
tunnel, and {c¢) the shear stress on the joint which must
exceed a critical value which depends on the normal
stress across the joint as well as on surface roughness.,

In Scction 2, the jeint activation solution is derived

and applied to the SRI small-scale models to estimate
(1) the arvas on the tunnel surface where joint
activation is likely to occur, (L) the stress levels
which are necessary to activate joints oi various
orientations, and (¢) the seonsitivity of joint

autivation to material properties.

~i




bDynamic Tunnel Response Cases.,

In the SRI small-scale models with tunnel diameters of
3", the transit time across this characteristic dimen-
sion 1is only 22 usec in the 16A rock simulant material.
Thus, since the rise times to peak stresses of 0.8 kbar
in the DIABLO HAWK event are -5-10 msec, these small-
scale structurcs are actually loaded {(and unloaded) 1in

a quasi-static fashion. Full-scale tunnels may be
loaded more dynamically, therefore the ceffcects of
dvnamic loading on small~scale tunnels buried in jointed
media are analyzed using six plane straln computer code
simulations with dynamic loading times of 100-400 i:sec.
These cases also vary the assumed joint and tensile
strenath properties of the rock simulant.  Thoe WAVE-L
Lagranglan code 1s used; the basic formulation 1s
similar to the HEMP code (Ref. 5). The numeracal
solutions and material propertics arce described in

Section 3.

Quasl-static Tunncel kKesponse Prodiction For a Small-Scale

Structure Loaded to 0.8 kbar During thv DIABL

HAWK

A onumerical simulation proediction of tunnel closure and

daiie e 15 made awd conprared with a fielded small-scale

Rl

ORI oot {(the eeael has a3 tunnel diameter with

Do iasi-st gt o soiatlon tecnnlgue and the caleulational-

rorlrontal o comiarlisons are described oin Section 4.




1.3 SUMMARY AND CONCLUSIONS
1.3.1 Joint Activation

Although the responsc of a tunnel 1n a jointed medium must

be solved numerically, the conditions that will initiate joilnt

slipping can be analyzed in closed form if we assume an elastic
nedia with joints, and a far field stress state of uniaxial

strain with a stress loading of o .
load

Figure 2 shows the loading stress (o required to activate

load)
a joint oriented at a« = 0, *45°, and 90° as a function of the
angle (») where the joint intersects the tunnel surface. Thus

a joint oriented at « = 45° will require a loading stress of

.06 Kbar ( 900 psi) to become activated 1f this joint intersccts
tiie tunnel surface at & = 100° (sece the following sketch and

Figurce 2).

Joint oriented

(Unlined tunnel approximation is valid
because Ced s 7 s S involves only
small strains and thus the backpacking
in the tunnel will not contribute a

W.p signitficant stress to the tunnel surface.)

Svmmetrical Joint
Behavior for ¢ + 180°

N

y
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Note that for cach joint orientation (), the shaded region

on Figure 2 shows the angles () on the tunncl surface where joint

load)'
Note that symmeltry implics cquivalent tunnel behavior at angles

activation is possible as a function of loading stress |

of . + 180°. Joints will not slip outside of these shaded regions.
The tunnel angles, -, associated with absolute minimums 1n load-

ing stress ( ) necessary for joint activation are indicated

" load
in Table 1. However, note that the activation stress curves

(Figure 2) are relatively flat bottomed; and therefore, joint
activation can occur over a foirly wide range in tunnel angles

with only a small increase in loading.

Table L. Tunnel Angles () for Minimum Loading
stress tor Various Joint Oricntations ().

P e e e

Joint Tv Tunnel Angles tor Minimum
i Urientation F Loading Streoss®
‘ i ‘ " load
‘ ) . . 0d .
\ deqgrog I degroeco Kbar PS1
U 67, 113 .068 98606
| 45 | 103 .059 850
] [
{
| Yu 41, 139 Lol 2350
|
[ 40 706, 103 .059 850
*Representative constitutive properties are usced

(Case 1) Joint Cohesion (ig)=.04 kbar, PFriction
Anvgle (o) o337, Matertial Poilsson's Ratio (v)=.25.

Uiaure 3 shiows the arcas on the tunnel surface where joint

tctivation (tor o single jJoint) could occur for ;“10 i .5 Kbar.
dd
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All the joint orientations in the SRI experiment are shown for a
representative set of joint and earth media properties. (Varia-
tions in the joint and earth media constitutive properties are

illustrated in Section 2.)
1.3.2 Dynamic Response Cases

Six WAVE-L numerical simulations (Table 3) were performed
involving 100-400 .sec stress rise times to a peak loading stress
of 0.8 kbar on the SRI 3" diameter models. The wave transit time
across the 3" tunnel opening is -22 usec, therefore, the dynamic

tunnel response characteristics could be investigated.

The tensite stress history ncar the tunnel crown 1s strongly
dependent on the stress wave risce time for times corresponding
to a tew transit tines across the tunnel diameter. A stress
wave r1sce time o) 100 psce (~5 transit times) caused a peak ten-
sile Sstrecs oo abmost 100 bars.  In the quasi-static loading case
Wl it liarng, no tensile stress developed near the crown.

Col L orciotes ot the material near the tunnel surface is

Alae ettt tne e lative displacements* across the joints,

Wivclo UL aae s coour s adross jolnts, the plates of rock separated

Pt et st as unsupported beams duce to the prescence

b U b i banaie b . e resualting beam bonding can lead to H
HEERE TN AU alor tracture.

oo oaasi=statie Tunnel Response Prediction

The juasl-statice solution technigque 1s described in Section 4.
canwerteal osaralation proedictions using this technigue were made
tor o taelacd small-seale (3" dicmeter tunnel) SRI model.  The
oo o relative dhirsplacement or shipping across a o joint 1s measuroed

b, thie current drstance botween two points which were initially
touciirneg cacit otiier on opposite faces of the joint.




calculation predictions were made prior to excavation and examin-

ation of the model.

Figure 4 shows a comparison of the predicted tunnel closure

(as a ¢ of the diameter) versus tunnel angle, . The agreement
is reasonable except near the crown-invert (5 = 0° and 180°).
The maximum predicted closure is 1.2% at ¢ = 30°. The experi-

mental data show a maximum 1.6% closure at the crown-invert
compared to a 0.5% predicted value at the crown-invert. This
difference may be due to the moderate sliding on the joints and
associated tensile failure and relaxation which occurs in the

calculation, but not in the experiment.

In the post-shot experimental model, there was deformation
of a thin (.003 inch) stainless steel tunnel liner which surrounds
the foam filler. This liner may have inhibited sliding along the
joints. The observed liner deformation is associated with the
joints which are predicted to slide the most; thus, some "block

motion" appears to have occurred.

It is concluded that+ tunnel closure in a well-characterized
jointed media could be predicted using existing computer codc
techniques involving explicit descriptions of joint locations,
orientations, and friction properties. Also, because of the
important role joint (and fault) motion plays in determining
damage to tunnel liners and neaiby earth material, it 1is felt
that continuum approaches to predicting tunnel closure and damage

night not be as useful.

14
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SECTION 2

JOINT ACTIVATION ANALYSIS

The necessary conditions for a joint or block to begin slip-
ping depend on the relative ' w0 ;: 7w of the joint, the tunnel
surface, and the stress wave, as indicated in the following

sketch:

v is the joint oricnta-
tion angle

joint
is the tunnel angle
(angle where joint
| intersects tunnel)
Tunnel
Cross is the angle between
W.P X Section the joint and the
- normal to the tunnel
- surtace, | = i;—::
stress \
loading LR
wave \
. S \
load

Joint slippage will occur when the shear stress (1) on the joint
exceeds a critical value, Umax This valuc depends on the normal
stress () across the jolnt as well as on the surface roughness.
Prior to joint activation, the carth media around the tunncel is
assumed to respond elastically and statically to a uniaxial strain

load from a (Guasi-static) planar wave.

s
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The Key characteristics of interest, with respect to Join!
et s Tonoares

e the areas on the tunnel surface where joint
activation is likely to occur,

® the stress levels which are necessary to
activate joints of various orientations,

e the sensitivity of joint activation to material
properties.

The determination of these characteristics involves the
following clements:

1. The o:uirie feoniid somoae field on the unlined

tunnel surface (this stress field is shown in
Figure 5 as a ratio with the loading stress,

l.e., 0o/ .

roo/ load)

2. The 7w cohorlrarios modo] (1.e., WG assume
1 = + (tan )0 where ¢ and j; are
max o n o

experimentally determined parameters).

. ce A , a . .
3. The e oo D0 slress o (ﬂload) Jor o Joln:
- 7o lon as a function of joint orientation
(¢), position on the tunnel (), and material

properties.
The activation stress load relationship (derived 1n

Appendix A) 1s

(Z;OCOSQ)/(Sln(ZV-;) - sinth)
.a -
‘Load (L
2 = {1 4 2cos{(2:)] li:gll
’ [1-v]

wherce
RIS {w—ﬁ{ (sce sketcen on previous page)

‘6 and ., are joint constitutlve parameters

18 the Polsson's Ratlo tor the carth material

17
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Note¢ that bBgquation 1 shows that Lo $, and v are the con-
stitutive properties of interest for joint activation. Table 2
lists the numerical values of these properties which were used

to calculate joint activation relationships.

Table 2. Joint and Earth Media Constitutive

Properties
r47 Joint Earth Media
Case Cohesion¥*, N Friction Angle* Poisson's Ratio
kbar psi ¢ (degrees) v
Pl .04 580 33 .25
|
P2 ' .08 1160 33 .25
P3 .02 290 : 33 .25
P4 .04 580 0 .25
P5 .04 580 33 .40
oo
*I'he joint cohesion (LO) and friction angle (!) are related to

the unconfined comprussive strength (ou) of the earth media by

2 cos'?
o)

I - sin;

u

Figure 2 and Figures v to Y show the variations in load
versus tunnel angle (+) for the jolnt and earth media property
variations indicated in Table 2. Figure 3 and Figures 10 to 13
show the corresponding regions on the tunnel surface where joint

activation 1s possible for o = .5 kbar.
load
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Comparisons of the results from the constitutive property

cases Pl to P5 leads to the foilowing conclusions:

1. Increasing (or decreasing) the cohesion, Lo
increases (or decreascs) the minimun loading
stress for joint activation while leaving
unchanged che tunnel angles (B) where joint

activation is most likely.

2. Reducing the fiction angle to ¢ = 0, thereby
simulating a von Mises limiting shear strength
of T,+ Causes an expansion of the possible joint

activation region.

3. Varying Poisson's Ratio for the earth media from
v = .25 to v = .40 causes an expansion of the

possible joint activation region.

28
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SECTION 3

DYNAMIC RESPONSL CASES

In the DIABLO HAWK experiment, the stress wave time history
involves rise times to a peak stress of -0.8 kbars in 5-10 msec.

In Section 4, guasi-static techniques arc used to treat this rise

0.3 kb
e e e e
Dvnamic Response
Cases have 100-
400 usec rise 100 .
times | 00 msec decav time
~s |
@
Quasi—&'t.’ltia"
Loadinyg l
(Section 4)
0 —l
=10 msece

Time Atter Wave Arrival at 0.8 kbar Stress Range

time, which 1s quite leng with respect to tunnel response.  In
section 3.1, material properties for all the cases are described.
In Scction 3.2, six numerical calculations involving much shorter

rise times of between 100 and 400 .sec are described and compared.

29
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3.1 MATLERIAL PROPLRTILS

loA Rock Simulant

In the small-scale experiments, the jointed media 1s 16A
rock simulant. The elastic-plastic properties are modeled with

the following parameters:

Bulk Modulus K = .131 Mbar
Shear Modulus G = .086 Mbar
., Poisson's Ratio v = .23
bensity g T 2-0 gm/cm?
Yicld Strength Y = .22 kbar + 1.2P, wherc P
is pressurc. A Prandtl-Rcuss

non-associated flow rule is
assumed.

Pensile faeilure is modeled in most of the solutions using a
tensile fallure model which permits oriented cracks to develoyp
(Ref. b). A 500 psi = 34.5 bar tensile strength was measured
1in a simple tensile test (Ref. 7)) on a 16A rock simulant sample.
Most of our solutions usc this value; in one of the cases, the
tensile streongth is reduced to 6.9 bars (100 psi) as a sensitivity
study.

In two of the cases, {rictional forces along the sliding
joints are included. In these situations the joint constitutive

model is specificd by:
= + o = i + tan;)
¥ ! o ( ) n
where

max maximum allowable shear stress on joint
(& W)

30




O = normal stress on joint
gy = the joint cohesion
u = (tany) 1s the coeificient of friction and &

is the angle of friction
The e¢xperimental values (Ref. 7) are

Io = 10 psi

g = 30°

The Drucker-Prager plastic yield surface assumed for the 16A
rock simulant material does not include shear strength softening
{1.¢., reduction of the yield strength) due to plastic shear
deformation or tensile cracking. This may be significant in this
application because the uniaxial strain loading patihh for this
material is close to the yield surface. ‘Tlherefore, small changes
in the faillure surface may lead to large changes in the plastic

response of the 16A rock simulant.

Foam Filler

The tunnel 1s filled with a low density eclastic-plastic foam

with the following properties:

Bulk Modulus K = 1.75 kbar
Shecar Modulus G = 2.5 Kkbar
Density b = -05 gm/cm’

Von Mises Yield
Strencth

<
1t

500 psi = 0.34 kbar
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3.2 CASE COMPARISONS FOR THE 0.8 KBAR DYNAMICALLY LOADED TUNNELS

Table 3 lists the joint geometry, tensile limit, rise time,
and material model for the six dynamic loading cases. In all
cases the tunnel is filled with low density foam with properties

described in Section 3.1.

The loading is a plane wave of 0.8 kbar magnitude. The
stress increases linearly from 0 to 0.8 kbar over a characteris-
tic rise time Tr, (100 psec in most of these cases). A constant
pressure of 0.8 bar is maintained after Tpe The far-field con-
dition of the pulse (i.e., prior to interaction with the tunnel)

1s uniaxial strain.
3.2.1 Effect of Loading Rise Time

In the first three cases, the rock media is modeled as an
elastic-plastic media with no joints or tensile failure. Cases
1, 2, and 3 differ in their loading rise times (Tr = 100, 200,
and 400 psec). Cases 4, 5, and 6 have joints which are perpe:
dicular to the wave vector as indicated in Table 3; in these
cases, the joint properties and tensile strength of the media

arce varied.

Figure 14 shows particle velocity (upper part of fiqgure)
and principal stress (lower part) fields at 62 usec for Case 1.
Note that the velocity and stress ficlds have a plane of symmetry
which scparates the two fields. The scale bars for the velocity
vectors and principal stresses are shown on this figure. The
following sketchi defines the plotting convention for the principal

stress:

tenetion
Pwo i Tl e e Ui ard component s
o r-c plane, A - e AVC compress ve)

oo Principal COmpression




Table 3. The Dynamic Loading Cases
1
Casc Joints Tensile Limit Rise Time Tr
1 None None 100 usec
2 None None 200 psec
3 None None 400 usec
Frictionless
2, O A7 . ) 1@
4 Lto Wave Vector 100 psi (6.9 bars) 100 usec
Frictionless 500 psi (34.5 bars) 100 usec :
i > 1to Wave Vector ps : |
i
] With Friction
i 6 (Tmax = 10 psi + .6 Op) 500 psi (34.5 bars) 100 usec
Lﬁ 1 to Wave Vector
Stress
Wave
Front
Wave
WP, Vector
*
Cases 4, 95, b h
33
- Sacaiii o -A“LA.:J!" o PO P = aasilitiasmmen. J




50 tt/sec . nbar
Velocity Ficeld s Stress Field e
T | VW
g P PP g — Yy ey Ty P o v P Y P WP v > > W w > -
-

P P PP P W Y Y NP Y P ey W TV YW O W e U TR e P v e wm % v =

W Y Y it g e oy TP Coy P Gy iy Wy wmp e wy mp > W e .

g g P P Py

g g P P v gy >
PP PP P P P ) P i) P g ) W T P SO P W P S W Sy W W W W »
T i e et e e o o e e e e Lo P oty ey B oy oy mp oy = oy = > G W w w w
- -
= L o S A S S . -

P PP PP PP P PP PP > v e W = P W ™ W T e w W N T w e o~

R I Ly IR L i En NN SEE SRE SuS gt aun amt ot gt esm en denden den dbndiand

~ J"“'m —y ey ey e . - e W ™M ™M %M W T W WM %W e W
- -
- ' _— > e e - ww e o e m . e~
’ — —_— — - - P N —
— — — - e I T U Sy
1 v - -4
— —~ - s e e e s s reanaa
P o’ i o dliE A i il i i 4P i ~r - rd ad - — - L I N L I R T N R Y
. C 4 - -
N ot . '\ . . l - cerrrrrPrEPRRRLY
.ﬂ A . b lane ot wvpmet vy
‘ N ~a - VRN YN
'
IR AR s o - N - - - rPAAPPASE R PAPE PP
a
i\ ~ <. g \5AN - - * - . . P AAAAALAPAAAALSAARLp
P - DN ) ) . - - /WP PR Y
RS N N D . - - . - : * LALAAAAANALLSAASa

ANAAAAAAD S om. oy
- AANAAARA A AN

e B B DL B R R R R el

NG

Fivaure 14, Particle Velocity and Principal Stress Fields at 60 .scee tor the
Plastic Media Model (Case 1, 0.8 kbar Loading in 100 sed).
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Tne loading wave approaches the tunnel trom the left. By 02 uscc,
tie tunnel Is responding very non-symmetrically.  Note that one
crincisal stress s nearly Zero near the tunnel boundary, and the
tanceintial stress 1s lavgest near the s.ringline ot the tunnel.

Plaure L4 shiows that one of the principal stressces is
siloncly tensile near tane tunnel crown (1ot sitde of tunnel) .
Plaure 1o snows the tensile stress history at the crown for

Jases L, 2, and 3. The tensile resoonse near tie crown 1s clearls

Ao e nt o LHe SUFess wave lse tioe for tires of a fow hundred

Sloroscecaiias g Luesss: o o sound wave orossos the charactoristic

Lilnnes alameter o about 20 nscec. In tie cuasi-static solution

wltiowt olnt activation (see Section 40, thoere was no tensile

SLIess b Loc orow.

e el SLTOCU A o Rl e b Stren s tnoarta Josnt shwear sStronatin
Cilee WAV =L Conde e Lo Seac it Lo allow the formatlon o

Conrble SRy, Lo Jdicarate the et o of fhoe crocks, and to

At adsl o SLUesRces e L v cracss asias olastic stross-strain

vobationsntan, St ol s Cracaea, o tansile stross o across
Lo U a0n i corbmlitod, ol e sineal Slresges are poermltted on

e U 1 Uite CUACK Ts opell (hile wlatit ot e Oraon 15 oon-
Sindodasdy toenithoroa) . Jitonoe stroess cnoiustinents are tmsortant
PecanEe Ll Jrass froguently oaluers the local o stress Dloeld o inosucn
AW O t o cahkiance LEs own srowtil; tnuas, any realistic method

Foegilob i craca crowthh must o consider the altoeved stregs fi1eld.

e et attonayl ol ors o allowed to doevelop dn Lo two cracks.,

[0 0 v ok tornhs, the coll 13 constderca to boe completely
Glatte e d, cand no tonston oat o allors thereaftor allowed. o
oot trecctrient o tenndbe tallure and the lotting conventions
oo to Liale bt the cracsesd colls oin the computational o aria

Dot e phlustrated orn Vlooare 16,
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Figure 13, Tensile Stress versus Time at the Tunnel Crown for Various
Stress Wave Rise Times (0 ) to a Maximum Load of 0.8 kbar,
r
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Tensile stresses () exceed the

~‘\ critical tensile failure criterion
» in the indicated principal stress

\” direction, > |

\

——— Planc which experiences tensile
failure.

Crack opens and relicves the
/—_ tensile stress such that no rorces
or tractions cexist on the crack
surfaces; 1.¢., 2oro normal and
shear stress on the crack surface.

In the dircections perpendicular
to the crack surface, the material

/N

> \/ can nalntaln tenslle stresses

- ~ unti1l the critical tensile failure
/ criterion 1s exceeded and a new
Y crack 1s formed.

Plotting Convention:

I . Sincle crack 1n o x-y plance.  The lince is plotted in
} . . . . .
/l the Jdirection of the crack (normal to the principal
= Stress causinag the crack) .
[ @] j Gt -ol-plane Crack; 1., - ocansed the crack.
# [

[ -~
\/0/1 Out - —plane and ox=yv o lane ook,
{ ! wor smy e lane cracks; ondy out-of=-plane tension 1s
! I | oermittod,
- 1
‘)(I Cormt Detely tractared - oo tenston permit bed.
L .

Ficare to. Ireatment of Tensile Cracks in WAVE=T Code.
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In Cases 4 and 5 the sensitivity of the solution to varia-
tions 1in the tensile strength of the rock medium is examined.
In Case 4, the loA rock simulant has a tensile strength of
0.9 bars (= 100 psi); in Casc 5, a strength of 34.5 bars
{(= 500 ps1i) 1s used. The ceffcct on the tensile crack formation
1s shown 1in lFigures 17 and 18 which show these two cases at two

different times.

Case 6 implements all the material and joint propertiecs used
In the quasl-statlc DIABLO HAWK simulation (Section 4), including
friction along the joints. The presence of the friction is the
only aifference between Case 5 and 6.  The final crack pattern in
Casc 6 1is comparced to case 5 in Figure 19. i -0 7 0 0 e

[ ‘. L . P N PN , . . P c.
ere s e BN Y [ N [N 1 S A A

Tensile cracking of the material ncar the tunnel surtace 1is
closely related to the relative slide displacements across the
joimnts.  When slipplng occurs across jaints, the platos b rocs
separated py tne Jolnts can act as unsupported beams Jduc to the
proesence ot the unlined tunnel.  The resulting beam boending loads

to tensile stresses and fracture.
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SECTION 4

DIABLO HAWK SMALL-SCALE STRUCTURLE PREDICTION CASE

This numerical simulaticn was intended to match a fielded
small-scale SRI model. The calculation results were obtained
to the c¢xcavation of the model. The particular model 1is

designated as S§-D1-2-5 by SRI.

4.1 PROBLERM CONFIGURATION

The tunnel diameter is 3". Joint spacing is nominally 1"
(0.47") . The boundarics of the numerical grid arce at 9.45" from
tne tunnel center (0.3 tinmes the tunnel radius), which 1s suf-
ficient to minimize edye etfects in the reglon of interest.  The
jeint geometry is shown with the initial computational arid in

i'raure 20.

Material properties of the 16A rock simulant and tfoam filler
are Jdescribed in Section 3.1. The frictional propoertics ot Chic

joints are also discussed in that scection.

The tunnel and jointed media are subjccted to a planar stress
wave of 0.8 Kbar peak amplituac. The rise time is 5-10 reco
md Jdecay 100 msecs These tihmes are versy lTong coliparod to
the 22 .scce sound wave transit tine across the tunnel diameter
in the l160A matcerial. The actual tunnel, therefore, 1s 1in a

"uasi-static" state.

4.2 QUAST=-STATIC SOLUTION TECHNIQUE
The juasi-static solution 1s found as indicated on TFigure 21: ;

1. Obtaln the clastic solution to a tunnel loaded with

thie 0.8 kbar (far-tiold unia=xial strain) stresses.
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2. Using tne elastic solution as initial conditions,
activate the elastic~plastic material model and
calculate the dynamics until a steady state

solution 1is obtained.

3. Using this elastic-plastic solution as initial
conditlions, a calculation is performed with the
slide lines introduced to model the joints and
permit block motion and deformation. Also, the
material may fail in tension 1if the tensile
stresses exceed 500 psi in any principal
direction. The dynamic calculation 1is continued
until tensile failure, block motion and tunnel
deformation have stopped, and a steady-state

solution is thereby obtailned.

4.3 JOINT SLIDING

Peak slide displacements of 1% of the tunnel diameter are
predicted in the quasi-static solution. In a full sized tunnel,
with a diameter of 10 feet, this corresponds to 1.2 inches of

sliding.

Figure Z22 shows the slide displacement along the joint as a
function of distance (scaled by tunnel radius) from the tunnel
axis. The sliding is a maximum at about one radius along the
jolints nearest the tunnel crown and invert (Joints 3 and 9 1in

Figure 22).

4.4 TENSILL CRACKING

The tensile cracking is closely related to the relative slide
displacements across the joints. When slipping occurs across a

jolnt, the plates of rock separated by the joints act as beams.
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The presence of the unlined tunnel removes localized support,

and beam bending leads to tensile stresses and fracture.

The crack pattern obtained in the numerical solution is
shown in Figure 23. The "beams" terminating in the opening

show significant cracking of the unsupported cantilevered ends.

4.5 TUNNEL CLOSURE AND COMPARISON WITH EXPERIMENTAL DATA

The tunnel closure predictions are shown on Figure 24. The
closure along the vertical axis (i.e., crown-invert) 1is approxi-

mately 0.5%. The maximum closure of 1.2¢ is located at ¢ = 30°.

Figure 24 shows a comparison of the actual and predicted
tunnel closure (as a ¢ of the diameter) versus tunnel angle. The
agreement 1is cquite good except near the crown-invert (¢ = 0° and
180°). The experimental data show a 1.6% closure at the crown-
invert compared to a 0.5% predicted value. This differcnce 1is
probably due to the moderate sliding on the joints and associated
tensile failure and relaxation which occurs in the calculations,

but not in the experiment.

In the gquasi-static calculation, tensile cracking occurs
after the joints are "unlocked" and joint sliding begins (see
Section 4.4 and Figurce 22). 7Tensile failure is not evident 1in
the post-shot cxperimental model (I'igure 25). If the metal casing
(which 1s not modeled in the calculation) reduced the sliding on
the joints, or if the actual joints are stronger (higher cohesion
and/or higher coefficient of friction) than used in the calcula-
tion, then there would be less block motion in the experiment,

and thercefore there would also be less tensile failure.

Figure 25 shows the post-shot experimental model. Note the

deformation of the thin (.003 inch) metal casing (or lineor)
surroundina the foam. This casinag wmay have inhibitced sliding
47




Joints Represented as

Slide Surtaces with Friction
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Figure 23, Final Tensile Urack Pattern trom Quasi-static Calculation

ot small=scale Model in DIABLO HAWK.
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along the jolnts. T A L SR L AN O A O N o
. P T T T T
o e ., 0~ 0%, Thus, "block motion® has

occurred as prodicted. A quantitative description from the
small-scale nodel of the amount of relative displacement across
the jolnts is highly desirable for comparisons with the WAVE-L

code proedictions of Figure 22.




APPENDIX A

JOINT ACTIVATION CONDITIONS NEAR A CYLINDRICAL TUNNEL

The relationships between the principal stress components
(01, 02), joint and tunnel angles (i, 8), and constitutive acti-
vation properties will be obtained using a Mohr diagram (Ref. 8).

The joint constitutive model is specified by

I[V‘max = o Yo,
or (A-1)
| !max = g * (tan ) o
where

iiimax = the maximum allowable shear stress on the joint
iy = the normal stress on the joilnt
o = the joint cohesion
i = tan ! is the coefficient of friction and : is

the angle of friction.

Figure A-1 (page 57) is a Mohr diagram which shows (1) the
shear stress : and normal stress " for the joint constitutive
model (Equation A-1), and (2) the possible shear and normal stress
states corresponding to the principal stressces ; and .. The

following sketch (page 54) indicatecs the geometrical interpretation
of the Mohr diagram in terms of the stresses on a joint near a

tunnel surface:
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Mohr Diagram tor " and
Principal Stresses

shear and normal stress on
joint oriented at anele .
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Normal Stress

Joint activation will commence when the shear and normal
stresses on a joint satisfy the joint constitutive relationship
of Equation A-1. Thus, 1n Frqgure aA-1, the joint activation con-
ditions are satisfied for = = ., and =~ = , .. Letting , be the
symbol for the critical joint activation angle {(either .3 or ¢2),

then the geometry of Figure A-1 imples

Sin_: _ sSan{2,-7)
24 H
. (A=2)
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Doing the algebra and solving for ¢,, we find,

. o . 21 .
co— sin(2y-r) + sin P>+ o sin & \.(A-3)
G = o0 T G T 3
- ‘A\sin(2y-}) - sin 3 W sin(2y=¢) - sin

1
L

bBgquation A-3 relates the two principal stresses such that
an oriented joint {(with angle y betwcen the tunnel normal and
the joint) will lead to joint activation. A more physical and

useful relationship for a plane stress wave engulfing a tunnel

can be obtaincd on a ol sape
On an ;. % .. tunnel surface, one¢ principal stress component
vanishes; i.e., 21 = 0. V‘hus, the tangential stress, J;, on the

tunnel surface for joint activation 1s

- = - (a-4)

21 . i cos &
o sin ! A\ e '
sin(2,~;) - sin . sin(2,y=-2) - sin &

When a plane wave engulfs a tunnel, however, the tangential sc
varies with the angle on the tunnel surface as illustrated in the

following sketch:

“load

Al

']n.ni
e

Tunnel

f—
—
e

Relationship Between langential Stress,
and Loading Stress, o y
load

R}

on Tunnel Surtace

[On]
[@a]




T .

In the sketch, A(B) 1is the amplification factor of the
91 oaq Wave. A(B) depends on the angle B on the tunnel surface
and on the elastic Poisson’'s Ratio (v) of the media. The deri-

vation for A(B) can be obtained by superposition ot elastic

solutions derived in Reference 8. Figure 5 (in body of report)
shows A(B) for v = .25 and .4.
Since o, = 0 and o, = A(B), Gload’ Equation A-4 shows that

2T cos
o ¢

_ J2 _ A
Oload = A(E) - Tsin(29=3) = sin UTA(E) (A=5)
where
A(B) = 2 = [1 + 2cos(Z2B)] i:iv

Thls 1s the activation stress load relationship (Lguation 1)

used 1n the report.




v o= 2T
R=

T .

Q e i
H= 4. +r= 24 2P0

tncipient

Joint
Slippage

T
]
I T J
[8] ~ ra
0 n, — (compressive)

1

H —J

L

Mohr Diagram Relating the Shear Stress (1) and Normal Stress

Figure A-1.
(on) for a Typical Stress State Which Satisfies the Incipient

Joint Slippage Criteria at 6 = §, and 0 = y,.




A r———TE pr——rr T

(h

REFERENCES

S. E. Blouin, "pata Report, DATEX II," AFWL-TR-69-149Y,
January 1970.

M. Rosenblatt and K. N. Kreyenhagen, "Free t'icld Motions
in Jointed Media," DNA 2769F, November 1971.

M. Rosenblatt, G. E. Eggum, Y. M. Ito and K. N. Kreyenhagen,
"Interactions of Stress Waves with Deceply-Buried Tunnels in
Geologies with Cracks and Discontinuities," DNA 4398F,

June 1975.

B. 8. lolmes and H. LE. Lindberg, "Small-Model lardencd
Structures LExperiments for Diablo Hawk," SRI77-27,
January 1977.

s, L. Wilkins, "Calculation of Blastic-Plastic Flow,"
UCRL-7322, Revision 1, January 1Y69.

M. Rosenblatt, G. E. Eggum, L. A. DeAngelo and K. N.
Kreyenhagen, “Numerical Investigation of Water Drop Erosion
Jdechanisms in Infrared-Transparent Materials," AFML-TR-76-193,
pecember 1976.

D. Stowe, Personal Communication, U.S. Army Lngincer Water- i
ways Lxperiment Station, Vicksburg, MS.

S. Timoshenko and J. Goddicer, Theory of ilasticity, Third
bdition, McGraw Hill, 1970. i




DISTRIBUTION LIST

Sasretant o teotea tecretary of T etie . Lot i RN
St neay ! Ll
st WU Le e taet
R R T TE TP T N
crone el g (R : . -
tor AR VR SRR TP .. .
S S e
R SR et
ARSXS e . v St . e
- R R TR T
IR RSTAR bl N K i Pty . -
) T
Voo .
IR L R e st
i peae . ‘. L . TR
R L I R L AT : e S BT
[ e
AR G
Vo o P v,
e o Leny L N R A
o I SEEt AR
. o S ey ! o
L EETaN] ‘ . R . Cobeeae
P o
C e . e e e o s RIRRI
Woer teart ferv,
B Lo T .
S Coe e bt it ot bt g taor
. . + ~ . v
RN . o . . geo
e o EREETIN .
1 Ly
PRI . I . IR FEEER TR TR EITR Y vhied
. DT I AL b
s bty Vo
.o L v R T
: - R ety
Lol A e veno
I ’ o v
. |
n . I co I Chrateone oy wotroiect e
: R Depar frprt a0 the e
- sree e ilnn
‘4 - . ", r
R
o y AN e Ay e b itute o Teghneee,
" RN Gt 1,1 bon Siv Tedyer
STttty
.- . .




DEPARTMENT OF THE AIR FORCE (Continued)

Atr Force Weapons Laboratory

Air Force Systems Command
ATTN:  NTL., M. Plamondon
ATIN:  NT. D. Fayton

ATTN: Sl

4ir University Librarvy
Jepartment of the Air Force
ATTN:  AUL/LSE

Assistant Chief of Staft
Studies & Analyses
Jepartment of the Air force
ATTN:  AF/SASM
ATTN:  AF/SASM, W, Adams

Ballistic Missile Office
Air force Svstems Command
ATTN:  MNN
ATTH: MNNH

Jeputy Chief of Staff

dperations Plans and Readiness

Jepartment of the Air force
ATTN:  AFAONC

Jeputy Chief of Statf

Hesearch, Jevelopment. & Acy

Jepartment of the Air force
ATIN:  AFRDYY

foreiqn Technoloav Division
Alr btorce Systems Tormand
ATTN: IS Library

Strategic Adr Lommand
department of the Siv force
ATTNG ¥PFS

ATTM: NRI-STINEO {ibrary
OTHER GOVERINMENT AGENOIES

fentral intelligence Agency
ATTN:  OSWRodD

lepartaent of the [nterior
Bureau ot Mines
ATTIN:  Tech Lib

Department of the Interior

ol wological Survey
ATTh: B, Carroll
ATTN.  W. Twenhofel

Jepartment of the Interior
o

4L Geoloqical Survey
ATT: 1. Roddy

QERARTMENT OF ENERGY CONTRACTORS

{awrence Livermore National [ab
ATT 4. Techracal Info Dept Library
ATTNG  L-21, D Dakiey
ATTH. . Smlith
ATTN: o, Hedrd

Nab Ridge National laboratory
ATTN:  (entral Research [ibrary

60

DEPARTMINT OF ENLRGY CONTRACTORS {Continued)
Los Alamos National Scientific Lab

ATTN: B. Killian

ATTN: J. Johnson

ATTN:  MS 364

ATTN: L. Germaine

Sandia Laboratories
Livermore Laboratory

ATTh: Library & Security C(lassificatior Div.

Sandia National lab
ATTH: L. il
ATIN: 3141

DEPARTMINT OF DEFENSE CONTRACTORS

Aerospace Corp.
ATTN: P Mathur
ATTN: Technical Information Services

Anbabian Associates
ATTN: M. EBalachanda
ATTN: (. Bagge
2 ¢y ATTN: M. Agbabian

hpplied Theory. Inc.
2 cy ATTN: J. Trulio

AVCQ Research & Systems Group
ATTH: Library AR3Q

BOM Corp.
ATTN: Corporate Library
ATTN:  T. Neighbors

Boeing Co.
ATIN: T. Berq
ATTN: R, Dyrdahl
ATTN:  M/S 82/37. K. fridgdell
ATTN:  H. Leistner
ATTIN: Aerospace Library
ATTN: 1. Wooster

California [nstitute of Technology
ATTN: D. Anderson

falifornia Research & Technoloqy. Inc.
ATIN- library
ATTN: S. Schuster
ATTN: K. Kreyenhagen

4 cy ATIN: M. Rosenblatt

4 cy ATTN:- L. DeAngelo

Catifornia Research & Technoloqy. Inc.
ATTN: D. Orphal

University of California
ATTN: N. Cook
ATTN:  R. Goodman

Calspan Corp
ATTIN: Library

University of Denver
ATTN: J. Wisotski

EGAG Wash Analytical Svcs Ctr, Inc.
ATTN: Library




DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Electromech Sys of New Mexico, Inc
ATTN: R. Shunk

University of New Mexico
Civil Engineering Rsch Fac
ATTN: N. Baum

Foster-Miller Associates, Inc
ATTN: J. Hampson for L. Foster

Franklin Institute
ATTN: /. Zudans

17 Research [nstitute
ATTN: M. Johnson
ATIN: R. Welch
ATIN:  Ddocuments Library

Institute for Defense Analyses
ATTN:  Classified Library

Yoo diggins o, Inc
ATTN: 0L lollins

Kaman Avilyne
ATIND Library

Yaman Sciences Coarp

ATTN Lbrar

waman TEMPG
. N

SAC e A
gl

Lo sl tiwanager Cone gl Sy

AT TN Lol Al tiwdnger

cockhead Mica e X v pace Ve Ing

AT Teonndcal Intoegtion lenter
ATINGD T aeers

Magsaonasetts Tnat or Tecnnniogy
AT PREIINE

Merrrtt e, o

\ v Mo 0t
1y YETEn 0t S vk
SR RN
gt stern o ger 10y
i Wt b

Doty - d0rry Nesparon oarn

aoreley

Sacitroa Teonna ey
:\.'7.4' . et

Cated Pnevorraes T

ST M
Teye L laterngt ong
K ."”ﬂl'l‘
Teennaoal cabeary
' e

61

DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

R & D Associates
ATTN: D. Rawson
ATTN: D. Shrinivasa
ATTN: R. Port
ATTN: J. lLewis
ATTN: Technical Information Center
ATTN: P. Haas

Rand Corp
ATTN: A. lLaupa

Science Applications, Inc
ATTN: Technical Library

Science Applications, Inc
ATTN: Technical Library

Science Applications, Inc
ATTN:  W. Layson

Southwest Research Institute
ATTN: A, Wenzel
ATTN: W. Baker

SRI International
ATTN: (. fAbrahamson
ATTN: H. Lindberg
ATIN: B, Holmes

Systems, Science & Software, Inc
ATTN:  R. Ouff
ATTN: (. Archembeam
ATTN:  Library
ATTN: D, Grine

Terra Tek, Inc
ATTH: 4. Pratt
ATTN:  Library

Texas A § Miniversity System
ATTN: AL Rychlik
ATTN: 1. Handin

TRW Defense & Space Sys Group
ATING L Huff
ATTN: Technical information Center
ATTN:  N. Lipner

TRW Defense & Space Sys Group
ATTN:  [. Wonq
ATIN:  PLoDad

iniversal Analytics. inc
ATTN: [ Field

Weidlinger Assnciates. (onsulting fngineers
ATTN: M. Baron
ATTN: 1. Sandler

Weidlinaer Associates. Consulting fnginecrs
ATTW: ). Isenberq

William Perret
ATT: W, Tervet







